ABSTRACT Recruitment of spindle assembly checkpoint (SAC) proteins by an unattached kinetochore leads to SAC activation. This recruitment is licensed by the Mps1 kinase, which phosphorylates the kinetochore protein Spc105 at one or more of its six MELT repeats. Spc105 then recruits the Bub3-Bub1 and Mad1-Mad2 complexes, which produce the inhibitory signal that arrests cell division. The strength of this signal depends, in part, on the number of Bub3-Bub1 and Mad1-Mad2 molecules that Spc105 recruits. Therefore regulation of this recruitment will influence SAC signaling. To understand this regulation, we established the physiological binding curves that describe the binding of Bub3-Bub1 and Mad1-Mad2 to the budding yeast kinetochore. We find that the binding of both follows the mass action law. Mps1 likely phosphorylates all six MELT repeats of Spc105. However, two mechanisms prevent Spc105 from recruiting six Bub3-Bub1 molecules: low Bub1 abundance and hindrance in the binding of more than one Bub3-Bub1 molecule to the same Spc105. Surprisingly, the kinetochore recruits two Mad1-Mad2 heterotetramers for every Bub3-Bub1 molecule. Finally, at least three MELT repeats per Spc105 are needed for accurate chromosome segregation. These data reveal that kinetochore-intrinsic and -extrinsic mechanisms influence the physiological operation of SAC signaling, potentially to maximize chromosome segregation accuracy.
INTRODUCTION
Proteins involved in spindle assembly checkpoint (SAC) signaling recognize and bind to unattached kinetochores in a dividing cell. This allows the SAC proteins to interact with one another and generate the mitotic checkpoint complex to delay cell division (Musacchio, 2015) . Duration of the delay generated in this manner depends on the number of SAC proteins recruited by the kinetochore (Collin et al., 2013; Dick and Gerlich, 2013; Heinrich et al., 2013) . In fact, to strengthen SAC signaling, unattached kinetochores can expand their physical capacity and recruit larger quantities of SAC proteins (Wynne and Funabiki, 2015) . Therefore, to understand how the eukaryotic cell regulates the strength of the SAC, we must first define the intrinsic capacity of the kinetochore to bind SAC proteins, that is, its signaling capacity, and then identify any physiological factors that regulate the use of this capacity.
The biochemical interactions that recruit SAC proteins to the kinetochore are well understood ( Figure 1A ). An unattached kinetochore permits the Mps1 kinase to phosphorylate the kinetochore protein Spc105/KNL-1 to initiate the SAC signaling cascade (London et al., 2012; Aravamudhan et al., 2015) . Phosphorylation of Spc105 occurs at one or more of the six sites in its phosphodomain, which are commonly referred to as the MELT repeats because of their Met-Glu-Leu-Thr consensus sequence. Each phosphorylated MELT repeat, which is referred to as MELpT here, can bind one molecule of the Bub3-Bub1 complex (Primorac et al., 2013) . The kinetochore-bound Bub1 is also phosphorylated by Mps1, which enables it to bind the heterotetrameric Mad1-Mad2 complex (Chen et al., 1999; London and Biggins, 2014; Moyle et al., 2014) . The kinetochore-localized Mad1-Mad2 then catalyzes a conformational transition in Mad2 and paves the way for the assembly of the mitotic checkpoint complex.
FIGURE 1: Steady-state binding of SAC proteins to the kinetochore scales inversely with the number of signaling kinetochores. (A) Schematic of the biochemical reactions that recruit SAC proteins to an unattached kinetochore and generate the mitotic checkpoint complex. Cdc20 and Mad3/BubR1 are not shown. (B) Cartoon, one unattached sister kinetochore pair created using a galactose-repressible centromere as described previously (Tanaka et al., 2010) . In these cells, the 15 bioriented kinetochores appear as two puncta ∼800 nm apart, whereas the unattached kinetochore pair appears as a diffraction-limited focus situated away from the bioriented kinetochores (asterisk in the micrograph; scale bar, ∼0.53 μm). This unattached sister kinetochore pair recruits Bub1 and Mad1. Middle, expected numbers of kinetochores: 15 in the puncta corresponding to the bioriented kinetochores and 2 in the focus corresponding to the unattached sister kinetochore pair, confirmed by quantifying the fluorescence of mCherry-labeled Ndc80 complex subunits. Right, quantification of Bub1 and Mad1 molecules recruited per kinetochore (mean ± 95% confidence interval). (C) Cartoon, spindle depolymerization by the microtubule poison nocodazole creates two or more kinetochore clusters in mitotic yeast cells. Kinetochores in larger cluster, which is situated proximal to the spindle pole, do not recruit any SAC proteins. Kinetochores in the smaller cluster recruit SAC proteins (micrographs). (D) Forced localization of Mps1 to the kinetochore using rapamycin-induced dimerization induces SAC signaling from all 32 kinetochores (Aravamudhan et al., 2015) . Scale bar, ∼0.96 μm (C, D) . (E) Number of Mad1 dimers and Bub1 molecules recruited as a function of the number of signaling kinetochores in the cell. Solid lines display model fit for a bimolecular reaction limited by the abundance of soluble proteins (mean ± SD). (F) Scaling between the number of Bub1 molecules and the number of Mad1 dimers recruited by signaling kinetochores in each of the three foregoing experiments (mean ± SEM).
G1-synchronized cells that transition to and then arrest in metaphase. The inactivated centromere was reactivated after all other chromosomes established stable bipolar attachments (see Materials and Methods). On reactivation, this centromere rapidly assembles kinetochore components and recruits SAC proteins, enabling the quantitation of SAC protein recruitment by a single pair of unattached kinetochores (Krefman et al., 2015) .
To quantify the Bub1 and Mad1 molecules recruited, we labeled the respective proteins at their C-terminus with a variant of the green fluorescent protein, GFP(S65T; hereafter referred to as GFP). We verified that the fluorescent tag did not compromise protein function (Supplemental Figure S1A) . We found that when the cell contained exactly one unattached sister kinetochore pair, each kinetochore bound 9.1 ± 3.4 Bub1 molecules on average, using only 33% of its maximal capacity for binding Bub3-Bub1 ( Figure 1B ; also see Materials and Methods for a detailed description of the methodology used to deduce protein numbers from the measured fluorescence signal). We expected that the number of Bub3 molecules recruited would be the same as that of Bub1 because Bub1 binds to the MELpT motifs as part of the Bub3-Bub1 complex (Supplemental Figure S1 , C and D; London et al., 2012) . Next we quantified the number of Mad1-GFP recruited by the unattached sister kinetochore pair. Because Mad1 is recruited by Bub1, we expected that the number of Mad1-Mad2 heterotetramers would also be similar to the number of Bub3-Bub1 molecules (London and Biggins, 2014) . However, each kinetochore bound 37.4 ± 8 Mad1-GFP molecules, or, equivalently, 18.7 ± 5.7 Mad1-Mad2 heterotetramers. Thus the number of Mad1-Mad2 heterotetramers is twice the number of Bub3-Bub1 molecules recruited by the kinetochores ( Figure 1B) .
Because the number of unattached kinetochores is close to its lowest possible value in the foregoing experiment, the availability of SAC proteins was not expected to limit their recruitment (protein abundance values are tabulated in Supplemental Table S1 ). However, the foregoing data show that the two unattached kinetochores recruit a surprisingly low copy number of SAC proteins under a condition that should favor maximal recruitment. The low recruitment is likely sufficient to delay the cell cycle (Spencer and Hieter, 1992; Kerscher et al., 2003) . Note that we quantified Mad1 in a strain lacking the gene NUP60, in which Mad1 cannot localize to the nuclear envelope (Scott et al., 2005; Yuen et al., 2007) . Consequently, the availability of Mad1 increases, enabling the signaling kinetochores to recruit more Mad1 molecules than the number in wild-type cells (Supplemental Figure S1E) . Although this will likely influence the cell biological outcome of the strength of SAC signaling, it is unlikely to affect kinetochore-intrinsic regulation of Mad1 recruitment, which is the focus of this study.
We next investigated whether and how the use of the signaling capacity of the kinetochore changes when a dividing cell contains more signaling kinetochores. We used two methods to generate well-defined numbers of signaling kinetochores. First, we treated yeast cells with nocodazole to depolymerize spindle microtubules (see Materials and Methods) . This treatment creates a cluster of 8-10 ± 2 unattached and SAC-active kinetochores identified as a fluorescent puncta situated distal to the collapsed spindle pole bodies ( Figure 1C ; quantification of kinetochore counts in Supplemental Figure S1C ; Gillett et al., 2004) . To create even more SAC-active kinetochores, we forced Mps1-Frb to dimerize with Fkbp12 domains fused with a kinetochore subunit (Aravamudhan et al., 2015) . This method forces approximately one or two Mps1 molecules to localize to each kinetochore. As a result, all 32 kinetochores become SAC active even after they are stably attached to spindle microtubules ( Figure 1D ; also see Supplemental Figure S1F ).
These details indicate that the nominal signaling capacity of a kinetochore is determined by the number of MELT repeats per Spc105 and the number of Spc105 molecules per kinetochore. If these two numbers are known, then the nominal value of the maximal signaling capacity can be calculated. However, it is reasonable to expect that this maximal signaling capacity may not be operational in vivo because of a number of physiological factors: the phosphoregulation of Spc105, cellular abundance of SAC proteins, variations in the affinity of MELT repeats for the Bub3-Bub1 complex, and so on (Primorac et al., 2013; Krenn et al., 2014; Zhang et al., 2014; Overlack et al., 2015; Vleugel et al., 2015) . To understand whether and how these factors regulate SAC protein recruitment, it is necessary to quantify the recruitment of SAC proteins by unattached kinetochores under physiological conditions. However, very few quantitative data are available that define how physiological factors regulate the in vivo operation of kinetochore-based SAC signaling (Howell et al., 2004; Vleugel et al., 2015) .
To define quantitatively the physiological operation of the kinetochore-based SAC signaling reactions, we systematically studied the biochemistry underlying Bub3-Bub1 and Mad1-Mad2 recruitment by the kinetochore in the budding yeast Saccharomyces cerevisiae. Budding yeast offers unparalleled experimental advantages for this study. The cellular concentrations of the reactants-Spc105, Bub3, Bub1, and Mad1-are all known (Ghaemmaghami et al., 2003; Kulak et al., 2014; Wang et al., 2015) . The steady-state copy numbers of the reaction products-the number of SAC proteins bound to the kinetochore-can be accurately measured using fluorescence microscopy (Joglekar et al., 2006; Aravamudhan et al., 2013) . Finally, the measurements reported here will demonstrate that budding yeast kinetochores recruit SAC proteins via defined biochemical interactions; they do not expand or form a corona containing SAC proteins like metazoan kinetochores (Cooke et al., 1997; Hoffman et al., 2001; Wynne and Funabiki, 2015) . Therefore quantitation of SAC protein recruitment directly reveals the operation of the underlying biochemical interactions. We exploited these advantages to identify novel mechanisms that strongly modulate the recruitment of SAC proteins by the kinetochore and thus potentially control the strength of SAC signaling.
RESULTS
The nominal value of the maximum SAC protein binding capacity of one yeast kinetochore can be easily calculated. The yeast kinetochore contains five Spc105 molecules (Joglekar et al., 2006; Aravamudhan et al., 2013) , each Spc105 molecule contains six MELT repeats (London et al., 2012) , and each phosphorylated MELT repeat, that is, MELpT, can bind one Bub3-Bub1 (Primorac et al., 2013) . Therefore the yeast kinetochore is equipped to bind 30 Bub3-Bub1 molecules and at least an equal number of Mad1-Mad2 heterotetramers.
To study how this binding capacity is used in vivo, we quantified the recruitment of Bub1 and Mad1 in yeast cells containing exactly one pair of unattached sister kinetochores. To generate exactly one pair of unattached kinetochores, we conditionally inactivated and then reactivated the centromere on chromosome III using the method developed by the Tanaka lab (Tanaka et al., 2010) . Briefly, we inserted the strong galactose-inducible promoter pGal1 upstream from the point centromere on chromosome III so that the activity of this centromere is controlled by pGal1. In glucosecontaining media, pGal1 is strongly repressed. This allows the downstream centromere to function normally. However, when in galactose-containing media, pGal1 is strongly induced, and the centromere is inactivated (Hill and Bloom, 1987) . This carbon source-dependent inactivation of one centromere was exploited in reached saturation ( Figure 1E ). The average numbers of Bub1 and Mad1 molecules per kinetochore decreased correspondingly (Supplemental Figure S2A) . Of interest, the kinetochores continued to recruit twice as many Mad1 dimers as Bub1 molecules ( Figure 1E ). This strict stoichiometry between the two proteins suggests that the recruitment of the excess Mad1 dimers is not due to adventitious binding; it results from a specific interaction ( Figure 1F ). Either each Bub3-Bub1 molecule binds two Mad1-Mad2 heterotetramers or the kinetochore contains an additional, but Bub3-Bub1 dependent, Mad1-binding site (Scott et al., 2005) .
These data further confirm that the yeast kinetochore uses a small fraction of its maximal signaling capacity during mitosis. The rapid saturation of the cumulative number of Bub3-Bub1 molecules recruited with increasing number of signaling kinetochores suggests that the abundance of SAC proteins, a kinetochore-extrinsic factor, plays a significant role in limiting their recruitment by the kinetochore. At the same time, the surprisingly modest recruitment of SAC proteins even when there is only one unattached chromosome in the cell indicates that factors intrinsic to the kinetochore also modulate recruitment. To identify and characterize these kinetochore-intrinsic and -extrinsic factors, we studied the operation of biochemical reactions that recruit Bub3-Bub1 and Mad1-Mad2 to unattached kinetochores individually. The phosphorylation of MELT repeats in Spc105 is the first step in the SAC signaling cascade ( Figure 1A ). However, it is not possible to quantify the phosphoregulation of Spc105 using live-cell fluorescence microscopy. The binding of Bub3-Bub1 to Spc105, which comes next, can be directly quantified. Therefore we first established the physiological binding curve for the Bub3-Bub1-Spc105 interaction, treating Spc105 as the substrate. This quantification indirectly informs on the phosphorylation state of Spc105 because Bub3-Bub1 binds exclusively to MELpT in a 1:1 stoichiometry.
To study the Bub3-Bub1-Spc105 interaction, we systematically reduced Spc105 copy number per kinetochore and then quantified how this affected Bub1 recruitment. To reduce Spc105 copy number per kinetochore, we first replaced SPC105 with SPC105-GFP and then controlled its expression with pGalL, a weak, galactose-inducible promoter (Janke et al., 2004) . In this strain, the steady-state concentration, and hence the copy number of Spc105-GFP per kinetochore, depends on the concentration of galactose in the growth medium ( Figure 2A ). We found that even after a significant reduction in Quantification of the number of Bub1-GFP and Mad1-GFP molecules recruited by the kinetochores under these conditions revealed that as the number of signaling kinetochores in a cell increased, the cumulative number of SAC proteins recruited by these kinetochores Black squares indicate change in the number of Bub1 molecules recruited when the number of signaling kinetochores is changed in wild-type cells (from Figure 1E) . The y-axis on the righthand side displays the concentration of the kinetochore-bound Bub1 molecules (nM) assuming that the yeast nucleus is 2 μm in diameter. Solid curve represents the model fit to the entire data set as a bimolecular reaction with the ligand depletion model (B max is the maximal binding and K D is the nanomolar dissociation constant predicted by the fit). (D) Schematic showing that the cumulative number of Spc105 molecules that participate in SAC signaling, and not their spatial distribution, determines the steady-state number of Bub3-Bub1 molecules recruited.
We next assessed the steady-state phosphoregulation of Spc105 by Mps1 and the PP1 phosphatase Glc7. The number of MELpT in an unattached kinetochore is determined by the balance of the opposing activities of Mps1 kinase, which phosphorylates MELT repeats to enable Bub3-Bub1 recruitment, and Glc7 phosphatase, which dephosphorylates MELpT to suppress Bub3-Bub1 recruitment (Pinsky et al., 2009; London et al., 2012; Zhang et al., 2014) . Therefore we reasoned that Glc7 inhibition should enhance Bub3-Bub1 recruitment up to the limit established by the Spc105-Bub3-Bub1 binding curve ( Figure 2C ). To test this, we inhibited Glc7 phosphatase activity using calyculin A, a cell-permeable inhibitor of PP1 phosphatases (Hoon et al., 2008) . To assess the potency of calyculin A, we assayed the phosphorylation of the Snf1 kinase, a well-characterized target of Glc7. Glc7 maintains Snf1 predominantly in the dephosphorylated state. Therefore the inhibition of Glc7 by calyculin A increases the abundance of phosphorylated Snf1 (Orlova et al., 2008) . Using a phosphospecific antibody against Snf1, we confirmed that calyculin A treatment significantly reduced the cellular activity of Glc7 (Supplemental Figure S2E ). In spite of the reduction in Glc7 activity, Bub1 recruitment by unattached kinetochores did not increase ( Figure 3A ). Therefore Glc7 likely has little effect on the steady-state number of MELpT in the unattached yeast kinetochore, even though its abundance exceeds that of Mps1 by approximately two orders of magnitude (Supplemental Figure S2F and Supplemental Table S1 ).
The data so far show that each Spc105 recruits at most two Bub3-Bub1 complexes despite possessing the capacity to recruit six (Supplemental Figure S2C ). Furthermore, this recruitment is not suppressed by Glc7 ( Figure 3A) . Following published observations, we reasoned that one or more of the following factors might modulate Bub3-Bub1 recruitment: 1) the cellular abundance of Bub3-Bub1 is low, 2) Mps1 phosphorylates only two or three of the six MELT repeats on average, 3) Spc105 is fully phosphorylated, but some of the MELpT are ineffective in recruiting Bub3-Bub1 (Primorac et al., 2013; Vleugel et al., 2013) , and 4) steric hindrance disfavors the binding of more than two Bub3-Bub1 complexes to the same Spc105 molecule.
We first assessed the role of the cellular abundance of the Bub3-Bub1 complex in limiting Bub3-Bub1 recruitment. The intracellular concentration of this complex is determined by the concentrations of Bub3 and Bub1 and the dissociation constant of the Bub3-Bub1 complex (Larsen et al., 2007) . Because the abundance of Bub1 is much lower than that of Bub3 (Supplemental Table S1 ), we reasoned that Bub1 overexpression should increase Bub3-Bub1 concentration. We used two different galactose-inducible promoters, pGalL and pGal1, to achieve different degrees of Bub1-GFP overexpression ( Figure 3B ). We grew these cells in predetermined galactose concentrations for ∼20 h, treated them with nocodazole to create unattached kinetochores, and then quantified Bub1-GFP recruited by the unattached kinetochores. We found that moderate overexpression of Bub1-GFP significantly increased its recruitment: on average, each Spc105 recruited ∼2 Bub1-GFP molecules ( Figure 3C ). When Bub1-GFP was strongly overexpressed, >>25-fold higher than the endogenous concentration ( Figure 3B , bottom), each Spc105 recruited 5.6 ± 0.2 Bub1-GFP molecules on average (28 ± 0.8 Bub1-GFP molecules per kinetochore; Figure 3C ). Thus, when Bub1 is highly abundant in the cell, nearly every MELT repeat in each Spc105 molecule binds one Bub3-Bub1 complex.
It is possible that experimental artifacts such as the weak dimerization of GFP contributed to increased kinetochore recruitment of Bub1-GFP upon its overexpression. To test this, we examined whether the observed localization of Bub1 required the MELpT Spc105 copy number, kinetochore biorientation appeared to be unaffected (Supplemental Figure S2B) . Reduced Spc105 copy number may decrease the recruitment of Mps1 to the kinetochore by affecting the Mps1-recruitment site in the kinetochore: the Ndc80 complex (Kemmler et al., 2009; Aravamudhan et al., 2015; Hiruma et al., 2015; Ji et al., 2015) . However, we found that even a fourfold reduction in the Spc105 copy number did not significantly reduce the number of Ndc80 complexes per kinetochore ( Figure 2B ). Furthermore, kinetochore-bound Mps1 is substoichiometric to Ndc80 in budding yeast (Aravamudhan et al., 2015) . Therefore we assumed that the activity of Mps1 kinase in SAC signaling was not significantly affected in the following experiment.
To study the effect of lowered copy number of Spc105 on Bub1 recruitment, we grew yeast cells expressing Spc105-GFP from pGalL in medium containing predefined galactose concentration for ∼20 h and then treated them with nocodazole. We used green fluorescent protein (GFP) fluorescence to calculate the number of Spc105 molecules that recruited Bub1 in each cell and used mCherry fluorescence to deduce the corresponding number of Bub1-mCherry molecules. These measurements revealed that the cumulative number of Bub1 molecules recruited by unattached kinetochores decreased proportionately with the decrease in the cumulative number of Spc105 molecules within those kinetochores ( Figure 2C ). The number of Bub1 molecules per Spc105 increased modestly (Supplemental Figure S2C ), likely because of an increase in the concentration of Bub3-Bub1 relative to that of Spc105. Mad1 recruitment was not significantly reduced, probably because of the combined effect of the relatively modest reduction in the total number of kinetochorebound Bub1 and the 2:1 Mad1-dimer:Bub1 stoichiometry (Supplemental Figure S2D ). The proportionate decrease in the number of Bub1 molecules with the decrease in the number of Spc105 molecules is noteworthy. This trend suggests that the clustering of Spc105 molecules in the kinetochore, which could lead to cooperative binding, does not detectably enhance the steady-state recruitment of Bub1 and Mad1. It is informative to compare the number of Bub1 molecules per Spc105 measured in this experiment with the same number measured in the experiment in Figure 1E , in which the number of Spc105 molecules per kinetochore was unchanged but the number of signaling kinetochores was varied. This comparison reveals that Bub1 recruitment depends on the total number of Spc105 molecules involved in signaling but not on their distribution. Whether five Spc105 molecules are located in one kinetochore or distributed in three different kinetochores, they recruit the same total number of Bub3-Bub1 molecules ( Figure 2D ). In other words, Spc105 molecules in each kinetochore appear to recruit Bub3-Bub1 independently.
The independent recruitment of the Bub3-Bub1 complex by the five Spc105 molecules within each kinetochore suggests that the Bub3-Bub1-Spc105 interaction can be modeled as a bimolecular reaction that follows the mass action law and that its operation is limited by intracellular concentration of the Bub3-Bub1 complex ( Figures 1E and 2C ). To fit these values with the foregoing model, we converted protein copy numbers into concentrations by assuming that the yeast nucleus is a sphere of 2 μm diameter (see the Fitting equilibrium binding models section in Materials and Methods). This exercise yielded a satisfactory fit and established the physiological binding curve for the Bub3-Bub1-Spc105 interaction. This curve estimates the apparent dissociation constant for the Bub3-Bub1-Spc105 complex and the maximal steady-state concentration of this complex that can form at the physiological concentration of Bub3-Bub1. As discussed later, both parameters are essential for predicting the effects of experimental perturbations on Bub3-Bub1 recruitment.
sites. We overexpressed Bub1-GFP in a strain that expresses Spc105-5A(172T), an allele of Spc105 in which five of the six MELT motifs are nonphosphorylatable and hence incapable of binding Bub3-Bub1. Despite significant Bub1 overexpression, each Spc105-5A molecule recruited only one Bub1 molecule ( Figure 3D ). Thus the observed Bub1-GFP recruitment is mediated by MELT repeats. Any contribution from GFP dimerization is undetectable. This is consistent with the extremely low affinity of GFP dimers (dissociation constant, ∼110 μM; Zacharias et al., 2002) , which is two to three orders of magnitude smaller than the affinity of the MELpT for Bub3-Bub1 (dissociation constant, ∼ 0.2-1 μM; Primorac et al., 2013) .
We also examined whether the kinetochore contains a Bub1-binding site other than the MELT repeat. Structure of the ternary complex consisting of the Bub3-binding domain of Bub1, Bub3, and a peptide containing one phosphorylated MELT motif indicates that Bub1 depends on Bub3 for binding to MELpT but also enhances the affinity of the Bub3-MELpT interaction (Primorac et al., 2013) . Therefore, if MELpT is the only binding site mediating the observed recruitment, then any increase in Bub1 binding should be accompanied by a corresponding increase in Bub3 recruitment. Consistent with this prediction, the number of kinetochore-bound Bub3 Top, immunoblot of Bub1-GFP expressed from indicated promoters using monoclonal anti-GFP antibodies (cells grown in medium containing 1.5% galactose). *Unknown protein recognized by the anti-GFP antibody that comigrates with Bub1-GFP. To quantify the Bub1-GFP band intensity, we subtracted the intensity of this nonspecific band from that of the Bub1-GFP band. The abundance of Ndc80-GFP was similarly quantified using a strain that expressed Ndc80-GFP from the endogenous NDC80 promoter. Bottom: To calculate the average number of molecules per cell, we assumed that there are 1160 molecules of Ndc80 per cell as reported by Ghaemmaghami et al. (2003) . The ratio of Bub1-GFP to Ndc80-GFP band intensities was multiplied by this number to obtain the average number of Bub1 molecules per cell. Black circles represent the numbers deduced from each experimental repeat. The horizontal lines indicate the average value. (C) The average number of Bub1-GFP molecules per unattached kinetochore as a function of the degree of Bub1-GFP overexpression in nocodazole-treated cells (mean ± 95% confidence intervals). Data from experiments involving the weaker pGalL promoter were fitted with a one-site specific binding model. The dissociation constant obtained from this fit was then used to constrain the fit for the data obtained with the pGAL1 promoter (also see Supplemental Figure S3A 2:1 between Mad1 dimers and Bub1 molecules in both cases ( Figure 4B) .
The recruitment of approximately one Bub1 by each Spc105-5A molecule is surprisingly large compared with the wild-type Spc105 containing six MELT repeats. This discrepancy is best understood by considering Bub1 recruitment by the Spc105-5A alleles in the context of the physiological binding curve between Spc105 and Bub3-Bub1. Because the Spc105-5A allele contains only one MELT motif, it is informative to first convert the x-axis of the binding curve from the concentration of Spc105 to that of MELpT repeats. Noting that 1) Bub3-Bub1 recruitment by Spc105 is additive ( Figure 2C) , 2) every MELT repeat is phosphorylated (Figure 3 , A-D, and Supplemental Figure S3A ), and 3) every MELT repeat can bind one Bub3-Bub1 complex ( Figures 3C and 4A) , we see that the concentration of Spc105 can be converted into that of MELpT (pale green squares in Figure 4C ). This curve predicts the number of Bub3-Bub1 molecules that a given number of MELpT should recruit under physiological conditions. When the numbers of Bub3-Bub1 molecules recruited by the two spc105-5A alleles are graphed on the same plot (red squares in Figure 4C ), it becomes clear that they are significantly higher than expected.
To understand quantitatively the implications of this finding, we examined the dissociation constant and maximal recruitment predicted by the MELpT-Bub3-Bub1 binding curve. The bimolecular interaction with ligand depletion model fitted to these data predicts an average dissociation constant K D ≈ 70 nM for the MELpT-Bub3-Bub1 complex ( Figure 4C , pale green line). This value is approximately threefold to fourfold lower than the value measured in vitro, which was obtained from the binding of a partial fragment of Bub1 in complex with Bub3 to a peptide containing a phosphorylated MELT motif (Primorac et al., 2013) . The fit also predicts the maximal recruitment of Bub3-Bub1 under physiological conditions, B max ≈ 29 nM. This value must be less than or equal to the endogenous Bub3-Bub1 concentration. Available data (Ghaemmaghami et al., 2003; Larsen et al., 2007) and our measurement of the number of Bub1 molecules in the nucleus validate this expectation (Supplemental Figure S3C ). In contrast to the dissociation constant deduced from Bub1 recruitment by the wild-type Spc105, data for Bub1 recruitment by the two Spc105-5A alleles (red squares in Figure 4C ) suggest a significantly lower dissociation constant: ∼1 nM. Thus the two binding curves predict distinctly different interaction affinities even though they pertain to the same biochemical.
To understand how the physiological recruitment of Bub3-Bub1 transitions from one binding affinity to the other, we created an allele of Spc105-Spc105-4A(172T, 313T)-that contains two phosphorylatable MELT motifs. The two binding affinities discussed earlier make distinct predictions regarding how Bub3-Bub1 recruitment should increase as a function of the number of MELpT. If the MELpT repeats in Spc105-4A behave like the MELpT in Spc105-5A, then there will be ∼76% increase in the number of Bub3-Bub1 molecules recruited by unattached kinetochores in nocodazole-treated cells (gray open circle in Figure 4C ). On the other hand, if Spc105-4A behaves like the wild-type Spc105, then there will not be a significant increase in Bub3-Bub1 recruitment under the same conditions (pale green open circle in Figure 4C ). To test this, we quantified Bub1 recruitment by unattached kinetochore clusters by subjecting Spc105-4A-expressing cells to nocodazole ( Figure 4D ). Despite containing two MELT repeats, spc105-4A(172T, 313T) recruited the same number of Bub1 molecules in nocodazole-treated cells as spc105-5A(172T) (or ∼0.8 ± 0.4 Bub1 per Spc105). Thus spc105-4A(172T, 313T) behaves like the wild-type protein rather than the spc105-5A alleles. These observations may be explained by invoking molecules maintained a 0.8:1 stoichiometry with kinetochorebound Bub1 in cells that overexpressed Bub1 ( Figure 3E ). This experiment demonstrates that Bub1 overexpression is sufficient to increase the steady-state binding of the Bub3-Bub1 complex to unattached yeast kinetochores. Furthermore, Spc105 molecules in unattached yeast kinetochores are capable of recruiting up to six Bub3-Bub1 molecules, which shows that Spc105 is maximally phosphorylated under these conditions. Furthermore, these experiments show that each of the six MELT repeats in Spc105 is capable of binding one Bub3-Bub1 complex.
We used the enhanced recruitment of Bub3-Bub1 upon Bub1 overexpression to further confirm that Glc7 does not suppress Bub3-Bub1 recruitment by unattached kinetochores. We reasoned that the increased abundance of the Bub3-Bub1 under Bub1 overexpression conditions would more effectively reveal even a small increase in the number of MELpT motifs due to Glc7 inhibition. We inhibited Glc7 with calyculin A as before in cells that moderately overexpressed Bub1 and then quantified the recruitment of Bub1-GFP by unattached kinetochores. Bub1 recruitment did not increase in the presence of calyculin A compared with the levels measured under Bub1 overexpression conditions without the inhibitor (Supplemental Figure S3A ). This result confirms that Glc7 activity does not influence the phosphorylation state of Spc105 in nocodazoletreated cells and further supports our finding that Spc105 is maximally phosphorylated in unattached kinetochores. Thus Bub1 abundance in the cell is the primary factor that limits Bub3-Bub1recruitment by Spc105.
We next examined whether the low-abundance Bub1 also suppresses the recruitment of Mad1-Mad2 by the kinetochores (Supplemental Table S1 ). If this is the case, then Bub1 overexpression should be sufficient to increase the recruitment of Mad1 to unattached kinetochores. Consistent with this expectation, we found that unattached kinetochores recruited significantly more Mad1 dimers in cells that overexpressed Bub1 (Figure 3F ). At the highest Bub1 expression levels, the number of kinetochore-bound Mad1 dimers was threefold higher than for the wild type. The stoichiometry between Mad1 dimers and Bub1 decreased gradually from 2:1 at lower Bub1 concentrations to 1:1 at the highest concentration (Supplemental Figure S3B ). The saturation in Mad1 level may be due to either incomplete phosphorylation of Bub1 by Mps1 or limited availability of soluble Mad1. As noted before, the nup60Δ strains used for these measurements increases the Mad1 recruitment relative to wild-type levels. Thus the availability of Mad1 also plays a significant role in dampening Mad1-Mad2 recruitment by unattached kinetochores in wild-type cells. In conclusion, although the yeast kinetochore is equipped and primed to recruit a large number of SAC proteins, vegetatively growing yeast cells use only a small fraction of this signaling capacity by expressing Bub1 at low levels and limiting the availability of free Mad1.
Our studies so far investigated the recruitment of Bub3-Bub1 mediated by Spc105 molecules that contain six MELT repeats within their phosphodomains (defined here as residues 1-329). It is possible that the spatial proximity of these repeats enhances Bub3-Bub1 recruitment. To test this, we measured the recruitment of Bub3-Bub1 by two Spc105 alleles containing only one phosphorylatable MELT motif, Spc105-5A(172T) or Spc105-5A(313T) (the phosphorylatable threonine is indicated by the number in parentheses; also see Figure 4A , bottom). We found that both alleles recruited Bub1 highly effectively such that every Spc105-5A molecule recruited one Bub1 molecule (1 ± 0.6 and 0.9 ± 0.5 for every spc105-5A(172T) or spc105-5A(313T); respectively; Figure  4A ). Mad1 recruitment reflected the expected stoichiometry of anchor Spc105 phosphodomains each containing one phosphorylatable MELT motif to the kinetochore in cells expressing Spc105-5A ( Figure 4D, top) . In the absence of rapamycin, unattached kinetochores in nocodazole-treated cells recruited the expected number of Bub1 molecules ( Figure  4D ). However, when we anchored an additional phosphodomain to these kinetochores by adding rapamycin, they recruited ∼33% more Bub1 molecules ( Figure 4D ). Although the observed increase is less than the expected 76% increase, it shows that kinetochores containing twice as many phosphodomains with one MELT motif recruit significantly more Bub3-Bub1 than those containing the wild-type number of phosphodomains with two or more MELT repeats. Therefore we conclude that the presence of multiple MELT repeats in the same phosphodomain suppresses Bub3-Bub1 recruitment at physiological concentration of Bub3-Bub1.
Our observations bring into question why Spc105 contains six MELT repeats. The cumulative recruitment of Bub3-Bub1and Mad1-Mad2 by unattached kinetochores in nocodazole-treated cells is the same whether the phosphodomain of Spc105 contains one MELT motif or six. The number of signaling kinetochores is a key parameter here. Nocodazole treatment creates a relatively large number of unattached kinetochores that all contribute to SAC signaling. Even if individual kinetochores are partially defective in signaling, the cumulative signal generated by a large number of such kinetochores might be sufficient to arrest the cell cycle. Can a small number of kinetochores that are partially defective in signaling also arrest cell division? To answer this question, we assessed the growth of strains expressing different alleles of Spc105-5A on media containing low doses of the microtubule-destabilizing drug benomyl ( Figure 5) . Because of the decreased stability of spindle microtubules, the kinetochores are expected to require more time to form stable, bipolar attachments. Therefore a dividing cell is likely to contain a small number of unattached kinetochores, and these kinetochores must activate and sustain the SAC robustly to arrest cell division. Consistent with this expectation, the spc105-6A strain, which is SAC-null, cannot grow on media containing benomyl. We found that the three Spc105-5A alleles that we tested also did not grow in medium containing low doses of benomyl ( Figure 5A ). This is surprising because when we generated unattached kinetochores in the same strains using nocodazole treatment, the kinetochores recruited the same cumulative number of SAC proteins as wild-type strains (Figure 4, A and B) . We next sought to determine the minimum number of MELT repeats that confers benomyl resistance to vegetatively growing yeast cells. We found that the cited Spc105-4A allele steric hindrance: the binding of the first Bub3-Bub1 molecule to the Spc105 phosphodomain may disfavor the binding of the second molecule, even though additional binding sites are available within the phosphodomain.
To validate this behavior further, we sought to circumvent the apparent steric hindrance by creating kinetochores that contain twice as many phosphodomains each containing one MELT motif. Because each phosphodomain contains only one MELT motif, each should now be capable of recruiting one Bub3-Bub1 complex. To create kinetochores with twice the number of Spc105 phosphodomains, we used rapamycin-induced dimerization to conditionally Figure 2C were replotted by converting the total number of Spc105 molecules in the cluster of unattached kinetochores into the number of MELpT repeats. The dashed curve displays the binding of Bub1 predicted by the affinity of spc105-5A molecules and the B max from Figure 2C . The open circles highlight the expected recruitment of Bub3-Bub1 as a function of the number of MELT repeats predicted by the two models. (D) Top, the two experimental schemes used to double the total number of MELT repeats in the kinetochore. Left, each Spc105 molecule contains two phosphorylatable MELT repeats. Right, in a strain expressing Spc105-5A(172T), rapamycin-induced dimerization of GFP-Spc105 120:329 -5A(313T)-Frb with Ndc80-2xFkbp12 is used to create kinetochores that contain twice as many phosphodomains as a wild-type cell. Because each phosphodomain contains one MELT motif, the number of MELT motifs per kinetochore is also doubled. Bottom, comparison of Bub1 recruitment by the indicated Spc105 alleles (mean ± 95% confidence intervals).
MELpT. Under physiological conditions, Spc105 recruits Bub3-Bub1 modestly in spite of its capacity to bind six Bub3-Bub1 molecules, for two reasons. First, the binding of multiple Bub3-Bub1 molecules to the same Spc105 phosphodomain is disfavored. The mechanistic basis of this effect is unknown. We speculate that the reduced binding results from conformational changes in the unstructured domain of Spc105 brought about by the binding of large protein complexes. This effect may serve a biological function by ensuring that the limited supply of Bub3-Bub1 molecules is equally distributed among all Spc105 molecules. Further studies are needed to elucidate the mechanistic basis of this apparent negative cooperativity and test whether it is functionally significant. In addition to this effect, the low abundance of the Bub3-Bub1 complex also limits its own recruitment and that of Mad1-Mad2. This modulation is likely necessary to ensure that the generation of the wait-anaphase signal does not scale linearly with the number of unattached kinetochores (Collin et al., 2013; Krefman et al., 2015) . Given that one or only a few unattached kinetochores can delay cell division, concurrent signaling from all unattached kinetochores at maximal capacity is unnecessary and may likely lead to the accumulation of excess inhibitory signal that unnecessarily delays cell division even after attachments are made (Doncic et al., 2005; Sear and Howard, 2006) . Finally, we also show that the yeast kinetochore is capable of recruiting two Mad1-Mad2 heterotetramers for every Bub3-Bub1. The molecular mechanism underlying this observation is unknown. However, doubling the Mad1-Mad2 recruitment can be expected to double the steady-state signaling from the kinetochore and thus make the signal more robust.
The difference in the effectiveness of SAC signaling in strains expressing Spc105-5A as measured by two different assays is notable. In nocodazole-treated cells containing a relatively large number of unattached kinetochores that activate the SAC, Spc105-5A alleles containing only one phosphorylatable MELT motif appear to be capable of recruiting SAC proteins and arresting cell division. However, for cells to proliferate in medium containing low doses of benomyl, at least three MELT repeats per Spc105 are essential. Under this condition, the number of unattached kinetochores in the cell is likely to be small. With only a small number of SAC active kinetochores, Spc105 molecules with three or more MELT repeats are necessary to recruit SAC proteins rapidly and in sufficient steadystate numbers that the SAC is robustly activated. Note that we examined the benomyl sensitivity of only one allele each of Spc105-4A (of the 15 possible alleles) and Spc105-3A (of the 20 possible alleles). Because each MELT motif has a unique position, as well as Bub3-Bub1 binding affinity, each Spc105-4A or Spc105-3A allele may differ in its ability to promote cell growth under this condition. It is also noteworthy that whereas a minimum of three MELT repeats are necessary for survival on benomyl-containing medium, the recruitment of two Bub3-Bub1 molecules per Spc105 when the cell contains only two unattached kinetochores suggests that two MELT motifs should be sufficient ( Figure 1B ). To address this potential discrepancy, it will be necessary to undertake a detailed analysis of the influence of individual characteristics of each of the six MELT motifs, as well as of the sequence of chromosome attachment to the spindle, in cells subjected to low doses of benomyl.
Because the biochemical reactions of SAC signaling studied here are highly conserved, similar mechanisms likely operate in the human kinetochore. It has been shown that human KNL-1 containing only one MELT motif flanked by additional Bub1 binding sites (known as the KI motifs) arrest cell division when the cells are treated with nocodazole (Krenn et al., 2014) . However, our data indicate that it will be necessary to test whether this KNL-1 allele arrests cell division when the dividing cell contains only one or a few unattached fared marginally better than the Spc105-5A alleles, but it did not grow as well as the wild-type strain. In contrast, an allele of Spc105 containing three phosphorylatable MELT repeats grew just as well as wild-type cells, showing that a minimum of three MELT repeats are likely to be essential for growth in medium containing low doses of benomyl ( Figure 5B ).
DISCUSSION
The systematic analysis of the SAC protein recruitment by unattached kinetochores presented here defines the steady-state operation of the respective biochemical reactions. It uncovers the kinetochore-intrinsic and -extrinsic mechanisms that modulate protein recruitment in budding yeast. Note that there are additional key quantities that we did not measure: the kinetics of SAC protein recruitment and the steady-state rate of turnover of the kinetochorebound molecules. Because of the low abundance of SAC proteins, accurate measurement of these parameters, especially protein turnover, will require specialized analysis methods. We also did not quantify the physiological outcomes of the experimental perturbations: the mitotic delay induced and chromosome segregation accuracy. These outcomes depend on the operation of the kinetochore-based reactions reported here, as well as on the concentrations and diffusivity of additional proteins-Mad2, Mad3/BubR1, and Cdc20-that make up the mitotic checkpoint complex. Further experimentation is necessary to obtain these data and complete the quantitative understanding of SAC signaling in budding yeast. Nonetheless, our work provides novel insights into the regulation of the kinetochore-based reactions of the SAC.
Our data define the biochemical properties of key kinetochorebased signaling reactions. They show that Mps1 likely phosphorylates Spc105 completely in unattached yeast kinetochores and primes it to recruit the maximum number of Bub3-Bub1 molecules. We also find that each Spc105 is capable of binding six Bub3-Bub1 molecules. This is in contrast to the human KNL-1, in which a large fraction of MELT repeats appear to be degenerate because of their very weak affinity for Bub3-Bub1 . We find that Glc7 does not appreciably affect Bub3-Bub1 recruitment in unattached kinetochores. However, it is also possible that Bub3-Bub1 binding to the MELpT itself hinders Glc7 from dephosphorylating chores was performed manually using ImageJ. In this case, the integrated intensity of a 6 × 6 nuclear region adjacent to the kinetochore cluster was used in background subtraction.
Deduction of the number of protein molecules from fluorescence intensity measurements
Copy number of Spc105 per kinetochore. In metaphase, each budding yeast kinetochore contains an invariable copy number of molecules of core kinetochore subunits: approximately eight copies of Ndc80 and Spc25 molecules and five molecules of Spc105-GFP (Joglekar et al., 2006; Aravamudhan et al., 2015) . However, we discovered that the fluorescent protein tag may reduce the number of Spc105-GFP molecules per kinetochore. The kinetochore incorporates five copies of Spc105 when GFP is at or proximal to Spc105 C-terminus and eight copies of Spc105 when GFP is at or proximal to Spc105 N-terminus (Supplemental Figure S1B) . The maximal number is the same as the number of Ndc80 complex molecules (Aravamudhan et al., 2013) . However, to express GFPSpc105, the fusion gene was integrated at an ectopic locus, which may result in protein overexpression. Therefore, in this study, we assume that the yeast kinetochore contains five Spc105 molecules. Note that even if this number turns out to be higher, it will only affect the stoichiometry between Spc105 and SAC proteins. The absolute number of SAC proteins will remain unchanged.
Calculation of the brightness of GFP and mCherry under the imaging conditions. To deduce the number of SAC proteins from the measured fluorescence signal, we first calculated the brightness of GFP and mCherry molecules. The brightness values were obtained from the known number of Ndc80 complex molecules in the yeast kinetochore and the measured fluorescence signal of metaphase kinetochore clusters in a strain expressing Ndc80-GFP and Spc25-mCherry (AJY939). AJY939 was grown under same imaging conditions as the experimental strain, and the calibration data were acquired throughout the duration of this study. This calibration accounted for changes in the microscope setup over time.
Rationale behind the use of GFP and mCherry tags as reporters of protein copy number. Intensities of GFP-tagged SAC proteins recruited by the kinetochore were reproducible between multiple strains with different genotypes (e.g., Figure 4 , A and B). Thus the expression levels of SAC proteins are not strain specific, and GFP signal intensity is a robust reporter of protein numbers. Therefore, whenever possible, we used the GFP tag for quantification of SAC proteins. The use of mCherry as a reporter of protein numbers can be problematic because the maturation efficiency of mCherry varies significantly from strain to strain and produces variable mCherry fluorescence, even though the copy number of the protein tagged with mCherry itself is not expected to change . Therefore we mostly used mCherry to either visualize a cellular structure or estimate the number of kinetochores by tagging a kinetochore subunit with mCherry. In the latter case, the known number of kinetochores in the metaphase cluster enables us to obtain a strain-specific calibration for the mCherry signal corresponding to a single kinetochore. This calibration was used to deduce the number of unattached kinetochores in nocodazoletreated cells (Supplemental Figure S1C) .
In a subset of the experiments, we examined how the number of an mCherry-tagged SAC protein recruited by a cluster of unattached kinetochores varies as a function of another GFP-tagged SAC protein recruited by the same cluster in nocodazole-treated cells (Figure 3, E and F) . In these cases, we reasoned that the number of kinetochores (Vleugel et al., 2013) . Aberrant expression of SAC genes is very common in cancer cells (Kops et al., 2005) . Our data suggest that underexpression may reduce the effectiveness of SAC signaling specifically in situations in which only one or a few unattached kinetochores are required to stall cell division. A systematic study of the regulation of SAC protein recruitment by the human kinetochore will illuminate such mechanistic connections between SAC protein concentrations and high chromosomal instability commonly found in cancer cells.
MATERIALS AND METHODS

Plasmid and strain construction
Strains and plasmids used in this study are listed in Supplemental  Tables S2 and S3 , respectively. Plasmids encoding mutations in Spc105 phosphodomain (pAJ335, pAJ407, pAJ554) were constructed from pSB1878 through quick-change mutagenesis (London et al., 2012) . pAJ548 containing the anchorable minimal phosphodomain of Spc105 was constructed from pAJ349 using quick change mutagenesis (Aravamudhan et al., 2015) . GFP(S65T) and mCherry tagged to proteins were used to localize kinetochores and quantify either the number of kinetochores or the copy numbers of SAC proteins. The tags were introduced at the endogenous locus through homologous recombination of PCR-amplified fragments (Bahler et al., 1998) . A seven-amino acid linker (sequence RIPGLIN) separates the fluorescent protein from the C-terminus of the tagged protein. To drive gene expression using a galactose promoter, either the pGal1 or the pGalL promoter was inserted upstream from the start codon of the open reading frame of the selected gene via homologous recombination (Janke et al., 2004) . Rapamycin-induced dimerization of Fkbp12 and Frb was used to conditionally localize Mps1-Frb at the C-terminus of either Ndc80-2xFkbp21 or Mtw1-2xFkbp12 as described previously (Haruki et al., 2008; Aravamudhan et al., 2015) .
Strains expressing Spc105 alleles were constructed by plasmid shuffling. Briefly, the wild-type SPC105 was deleted in a strain supplemented with the wild-type SPC105 gene expressed from a centromeric plasmid (yCP50) containing the auxotrophic marker URA3. Plasmids encoding Spc105 alleles (pAJ335:spc105-5A(172T) or pAJ407: spc105-5A(313T)) were linearized with BstEII and integrated at the Leu-2 locus. Strains encoding only the Spc105 mutant alleles were generated by counterselecting for yCP50 on 5-FOA.
All strains were grown at 32°C in the yeast extract and peptone (YP) supplemented with 2% glucose (YPD) or galactose and raffinose in different ratios (adding up to 2%) or synthetic medium supplemented with essential amino acids and 2% glucose as needed. Yeast cells were imaged at room temperature for <30 min after sample preparation.
Microscope setup and fluorescence intensity measurement
Fluorescence microscopy was performed on a Nikon Ti-E inverted microscope with a 1.4 numerical aperture, 100× oil-immersion objective. Experiments involving one pair of unattached kinetochores were conducted with the 1.5× Optovar lens. Ten-plane image stacks were acquired using a piezostage to focus at different planes along the depth of the cell, with 200-nm separation between the planes.
Total fluorescence of kinetochore clusters (16 kinetochores in metaphase and ∼10 in nocodazole) was quantified by integrating intensities over a 6 × 6-pixel region centered on the maximum-intensity pixel. The median intensity of pixels immediately surrounding the 6 × 6-pixel area was used to correct for background fluorescence. Analysis was performed using a Matlab program as described previously (Aravamudhan et al., 2014) . Analysis of single-kineto-induced dimerization of Fkbp12 and Frb domains (Aravamudhan et al., 2015) . Briefly, Mps1 was tagged with Frb, and the kinetochore subunit-either Ndc80 or Mtw1-was tagged with 2xFkbp12. When rapamycin is added to the growth medium (1 μg/ml), Mps1-Frb dimerizes with the Fkbp12-tagged protein. To quantify Bub1-GFP and Mad1-GFP recruited to the kinetochores, we treated log-phase cultures with rapamycin for 1 h before microscopy.
To quantify the Bub1 molecules in the cell in Supplemental Figure S3D , we expressed Bub1-Frb-GFP from the BUB1 locus using the endogenous Bub1 promoter. These cells also expressed a selected kinetochore subunit with the 2xFkbp12 fused at its C-terminus. These cells were treated with rapamycin for 45 min. This allows most of the Bub1-Frb-GFP in the nucleus to dimerize with the Fkbp12 domains and thus localize to the kinetochores. Cells were then prepared for microscopy.
Fitting equilibrium binding models
In fitting equilibrium binding models, we assume that the observed recruitment of SAC proteins by unattached kinetochores represents equilibrium binding between a soluble SAC protein and its receptor in the kinetochore. For the recruitment of Bub3-Bub1 complex, the receptor in the kinetochore is the phosphorylated MELT repeat in Spc105. For the recruitment of the Mad1-Mad2 heterotetramer, the receptor is the phosphorylated Bub3-Bub1 complex. We used two simple models to fit the experimental data. In these experiments, either the number of receptors (as in Figures 2C, 3F , and 4C) or the concentration of the soluble SAC protein was varied (as in Figure 3 , C and E). The first model is based on saturation binding (Figures 2A  and 3C) : In cases in which we expected the limited abundance of SAC proteins to limit steady-state binding, we modeled the interaction as a bimolecular interaction governed by ligand depletion ( Figures  1E, 2C , and 4C). In this case, the concentration of the ligand-receptor complex is given by
All data fits were performed using GraphPad Prism software.
Calyculin A treatment for inhibiting Glc7
G1-arrested cells were released into the cell cycle by washing out the α-factor. These cells were treated with nocodazole for ∼1 h to activate the SAC and additionally with 2.5 μM calyculin A (208851; EMD Millipore, Billerica, MA) for 1 h to inhibit Glc7. Then samples were drawn for immunoblotting to verify Glc7 inhibition and also for live-cell imaging to quantify Bub1 recruitment by the unattached kinetochores.
Immunoblotting and quantification
To detect Snf1 phosphorylation, samples were prepared as described previously (Orlova et al., 2008) . Briefly, 2 OD (at λ 600 ) of cells were lysed in a boiling water bath for 5 min before extraction of proteins with alkaline treatment. The sample was suspended in a final volume of 100 μl of SDS-PAGE sample buffer. The proteins an SAC protein recruited by a fixed number of unattached kinetochores would be the same irrespective of the fluorescent protein tag on that protein. This reasoning implicitly assumes that the expression level of the SAC protein is insensitive to the fluorescent protein tag. Therefore the measured GFP and mCherry fluorescence for a given SAC protein (measured in two different strains) should correspond to the same number of molecules.
Identifying unattached kinetochores in strains in which additional Spc105 phosphodomains were anchored to the kinetochore
In this experiment ( Figure 4D ), Bub1 was mCherry labeled, but the kinetochore did not contain any fluorescently labeled subunits. Therefore we could not directly determine the number of unattached kinetochores in the absence of rapamycin. However, after the cells were treated with rapamycin, spc105
120:329 -5A-Frb-GFP molecules dimerized with the Fkbp12-tagged Ndc80 complex subunit. We assumed that the Bub1-recruiting clusters in cells treated with nocodazole contained the same number of unattached kinetochores in the presence and absence of rapamycin. In the latter case, we identified the unattached kinetochore cluster as the one that recruited high levels of Bub1.
Generating a single pair of unattached kinetochores
To generate experimentally a single pair of unattached kinetochores, we used the centromere reactivation system described by Tanaka et al. (2005) . Briefly, we constructed strains containing a galactose-inducible promoter proximal to the CEN3 locus and a methionine-repressible promoter controlling CDC20 expression. The strains were grown to mid log phase in synthetic medium containing 2% raffinose and lacking methionine and then synchronized in α-factor for 2 h. The G1-synchronized cells were then transferred for 2 h to YP supplemented with 2% raffinose, 200 mM methionine to repress CDC20 and arrest the cells in metaphase, and 2% galactose to activate CEN3 and prevent kinetochore assembly. The cells thus synchronized in metaphase were transferred quickly to 2% glucose to activate the CEN3, which then assembles a kinetochore. We imaged SAC proteins recruited by these kinetochores within the next 15 min. A majority of the kinetochores achieved bipolar attachments by the end of the experiment.
Nocodazole treatment to depolymerize the mitotic spindle
Log-phase cultures were synchronized in G1 by treatment with α-factor for 2 h and then released into nocodazole (15 μg/ml) for 2 h to depolymerize the spindle and generate unattached kinetochores. We and others previously reported that this treatment generates two classes of kinetochore clusters in the cell: one or two smaller clusters consisting of ∼10 kinetochores and a larger kinetochore cluster that localizes proximal to the spindle pole bodies (Gillett et al., 2004; Aravamudhan et al., 2015) . Only the smaller cluster contains completely unattached kinetochores that recruit Bub1 and Mad1. Kinetochores in the larger cluster recruit very little Bub1 and undetectable levels of Mad1, potentially because these kinetochores retain residual microtubule attachment. The number of SAC proteins localizing to kinetochores reported in this work corresponds to the number of molecules recruited by the smaller, SAC-active kinetochore cluster.
Anchoring Mps1 and Bub1 to the kinetochore using rapamycin-induced dimerization
To conditionally force Mps1 to localize to the kinetochores, we used previously described methodology involving the rapamycin-in the extract were resolved on 8% SDS-polyacrylamide gels and transferred to nitrocellulose. The blot was then blocked with 5% bovine serum albumin and probed with the phosphospecific antibody rabbit α-AMPk(172T) (L4188; Cell Signaling, Danvers, MA) overnight at a 1:1000 dilution in Tris-buffered saline/Tween 20 (TBST) at 4°C. The blots were washed and treated with goat α-rabbit peroxidase-conjugated antibody at a 1:10,000 dilution in TBST for 1 h before treatment with enhanced chemiluminescence reagent for visualization of phosphorylated Snf1. To detect total protein, the samples were probed on another blot in parallel using α-histidine antibody (Sigma-Aldrich, St. Louis, MO) at a 1:2000 dilution for 1.5 h in 2% milk to detect the polyhistidine stretch in Snf1.
For the quantification of Bub1 abundance, whole lysates were prepared from cells expressing either Bub1-GFP or Ndc80-GFP from their respective endogenous promoters as described previously (Aravamudhan et al., 2014) . Three OD (at λ 600 ) of log-phase culture was lysed into sample buffer by repeated vortexing with glass beads and intermittent boiling. The proteins were separated on 8% SDS-polyacrylamide gels and transferred to polyvinylidene fluoride membrane. The blots were probed with a 1:1000 dilution of the mouse α-GFP antibody (GFP(B-2):sc-9996; Santa Cruz Biotechnology, Dallas, TX). Peroxidase-conjugated α-mouse immunoglobulin G (1:5000; A-4416; Sigma-Aldrich) treated with ECL was used to visualize the protein. The bands corresponding to GFP-tagged proteins (Bub1 or Ndc80) were quantified in ImageJ by manually integrating pixel intensities over equal areas covering each band of interest, and background was subtracted using intensities from an equal area immediately above or below the band of interest in each lane. The intensities were normalized relative to Ndc80-GFP, and protein abundance was estimated assuming 1160 molecules of Ndc80 per cell (Ghaemmaghami et al., 2003) . Bub1-GFP in wildtype cells was not detectable (even when twofold more sample was loaded), even though fourfold less Ndc80-GFP could be detected under the same conditions (unpublished data). Therefore we estimate the abundance of bub1 to be <145 molecules/cell. Note that Bub1-GFP was expressed in these cells and could be readily detected by fluorescence microscopy at unattached kinetochores when the cells were treated with nocodazole (Figure 1 C) .
Benomyl sensitivity testing
Tenfold serial dilutions of log-phase cultures were replica-spotted on YPD or plates containing 30 μg/ml benomyl. Plates were incubated at 32°C and photographed after 2 d.
Spindle length
Spindle length in metaphase with various degrees of Spc105 depletion was measured as described previously (Aravamudhan et al., 2014) .
